The simultaneous determination of chloride and bromide ions in environmental water by X-ray fluorescence spectrometry after precipitation as silver halides in the presence of ammonium nitrate was developed. Calibration curves for chloride and bromide ions were linear from 0.2 to 7.5 mg/1(10 -375 µg/ 50 ml) and from 0.0025 to 1.0 mg/1(0.125 -50 µg/ 50 ml), respectively. The relative standard deviations were less than 3% for both ions. To clarify the effect of bromide ion in environmental water on trihalomethane (THM) formation during a water treatment with chlorine, the concentrations of the chloride and bromide ions in rain-and river-water samples were measured by the present method.
Since the bromide ion has been considered to be harmless compared with other halides, and it has been difficult to determine it because of its low concentration in natural water, few studies on its behavior in fresh water have been carried out. However, it has recently been reported that a trace amount of bromide ions in environmental water is considerably concerned with brominated trihalomethane (Br-THM) formation during water treatment with chlorine."2 Such Br-THMs, being bromodichloromethane (CHBrC12), dibromochloromethane (CHBr2C1) and bromoform (CHBr3), have been singled out as having hygienic problems similar to chloroform. Chloroform and these three Br-THMs are defined as the total THMs (TTHM).
In order to clarify the behavior of the bromide ion in environmental water, a rapid and sensitive analytical method is necessary. Although methods based on spectrophotometry3-5, ion chromatography6.8 and gas chromatography9 have been reported, the determination limits (>10 µg/1) were insufficient to measure bromide ion in fresh water. A spectrophotometric method employing a preconcentration can reliably determine bromide concentrations down to the 4µg/l level if 1000 ml samples are available.10 Recently, X-ray fluorescence spectrometryll-i5 has been used as a determination method of halide ions. In a previous paper16, a multielement determination of metal ions in wastewater by energy-dispersive X-ray fluorescence analysis was reported.
In this study, a simultaneous determination of chloride and bromide ions in environmental water by X-ray Rain-water samples were collected during rain fall on the roof of Kyoto Institute of Technology from January, 1991 to May, 1995. River-water samples were collected from the Katsura, Uji and Kidzu Rivers, and Yodo River where these three rivers meet (Fig. l) during January, 1991 and December, 1995. The numbers indicate the sampling points. The samples collected in polyethylene bottles were transported to the laboratory, filtered through a 0.45 µm-pore Millipore membrane filter (47 mm in diameter) as soon as possible and stored in a refrigerator.
Analysis of environmental water samples
To a 50 ml of sample solution containing both halides less than 0.375 mg, 5 ml of a 20 w/v% ammonium nitrate solution was added. After standing the solution for 1 h, 1 ml of a 0.5 w/v% silver nitrate solution were added.
After the solution was left standing for 5 min, the precipitate of silver halides was filtered off on a 0.45 µm Millipore membrane filter (25 mm in diameter) and dried prior to an X-ray fluorescence determination. The concentrations of chloride and bromide were determined by a Rigaku Denki energy-dispersive X-ray fluorescence spectrometer (EDX) ultra-trace system 0600 or a Rigaku Denki 3270 wavelength dispersive X-ray fluorescence spectrometer (WDX) under the conditions given in Table 1 . All of the membrane filters used were washed with 20 -30 ml of distilled water to remove halide ions just before the filtration of silver halides. Stock solutions for chloride and bromide ions (10 mg/1) were prepared by diluting standard solutions of both ions for ion chromatograpy (1000 mg/1) (Wako Pure Chemicals, Osaka, Japan). All other chemicals were of the best commercial grade.
Compared with the results by X-ray fluorescence spectrometry, a Shimadzu HIC-6A ion chromatograph was used. An ion-exchange Shim Pack IC-A3 column (150 mmX4.6 mm i.d.) was used in an oven regulated at 40° C. A 3.2 mM bistris-8 mM p-hydroxybenzoic acid was used as an eluent at a flow rate of 1 ml/min. The concentrations of THMs in chlorine-treated river water were determined by ECD-GC after extraction into pentane.
Results and Discussion
Determination method of chloride and bromide ions Silver halides have generally been formed in a strongly acidic solution. However, in order to prevent an X-ray fluorescence instrument from corrosion, it is better to prepare any samples for X-ray fluorescence analysis at a pH from 4 to 9. Sugimoto et a1.15 reported that chloride ion in natural water was uniformly precipitated as silver chloride in the presence of salts, such as ammonium nitrate. Then, the effect of adding ammonium nitrate on the precipitation of silver halides was examined at pH 5. As a result, both the chloride and bromide ions were quantitatively precipitated by adding 1-7.5 ml of a 20 w/v% ammonium nitrate solution. However, the recoveries of both anions without ammonium nitrate were less than 90%. The effect of the pH on the precipitation of chloride and bromide ions as silver halides in the presence of ammonium nitrate is shown in Fig. 2 . Since chloride and bromide ions were precipitated quantitatively at pH 4 -5.5 and pH 4 -6, respectively, the pretreatment was performed at pH 5 by adding 5 ml of a 20 w/v% ammonium nitrate solution.
Moreover, the effects of the addition amount of a silver nitrate solution, the reaction temperature and the reaction time on the formation of precipitation were also examined. One milliliter of a 0.5 w/v% silver nitrate solution, the room temperature (15 -25° C) and the reaction time for 5 min were optimum. Although it has been reported that a reaction temperature of 5° C is necessary for quantitative recoveries of halide ions in acidic solution without ammonium nitrate13, by this method both chloride and bromide ions were quantitatively precipitated at room temperature. The formation of precipitation of both anions did not interfere with the coexisting ions and substances in natural-water samples. Calibration curves for the chloride and bromide ions were linear from 0.2 to 7.5 mg/ 1 (10-375 µg/ 50 ml) and from 0.0025 to 1.0 mg/l (0.125 -50 µg/50 ml), respectively. The relative standard deviations were about 3% for both ions. The precipitated samples loaded on the filters were stable for at least 6 months in the dark. The proposed method was applied to the determination of chloride and bromide ions in environmental water, such as river water and seawater. The same samples were also determined by ion chromatography. The relationship between the obtained values by both methods were as follows: y=0.953x+0.493 (r=0.998) for chloride ion and y=0.917x-0.181 (r= 0.999) for bromide ion. These results suggest that the values obtained by X-ray fluorescence analysis were in good agreement with those obtained by ion chromatography.
Behavior of chloride and bromide ions in rain-water samples
Rain-water samples were collected during rain fall from 1991 to 1995 at Kyoto Institute of Technology. The concentrations of chloride and bromide ions were on average 1.37 mg/l and 7.9 µg/l, respectively. For a comparison, some of the results reported by other workers for chloride and bromide ions in rain water are listed in Table 2 . Asman et al.l' and Yuita18 used instrumental neutron activation analysis. In studies by Lundstrom and Olin19, bromide ion in rain water which was adsorbed on an anion exchanger (Dowex 1X8) and eluted, was oxidized with Na2S2O8 to Br03-and determined iodometrically by spectrophotometry. Neal et al.2o,2i determined bromide ion colorimetrically using a standard autoanalyzer method. Okochi et al. 22 measured both ions by ion chromatography. The concentrations of chloride and bromide ions in rain water measured by various analytical methods were remarkably consistent with the values obtained by the present study. Figure 3 shows the relationship between the concentrations of chloride ion and the ratios of Br/ Cl. The ratios of Br/ Cl in rain water were approximately equal to the sea-salt ratio (0.0034) at high concentrations of chloride ion, while the ratios of Br/ Cl largely exceeded the sea-salt ratio at the chloride-ion concentration less than 1 mg/ 1. These results suggest that non-sea-salt bromide ion may be present in rain water. Bromine from automobile exhaust can be put forward as a likely cause of the increased level, because in gasoline and diesel oil the ratios of Br/Cl measured by neutron activation analysis were reported to be 0.1-1 (wt/wt)23,24, considerably higher than the sea-salt ratio.
Behavior of chloride and bromide ions in the Katsura, Uji, Kidzu and Yodo rivers
It is important to clarify the behavior of bromide ion in river water, because it is used as a source of drinking water, and any trace amount of bromide ions involves Br-THM formation during water treatment with chlorine. However, few studies on the behavior of bromide ion in river water have been carried out. 25 In the present study, the concentrations of chloride and bromide ions in the Katsura, Uji, Kidzu and Yodo rivers were determined by the proposed method in order to clarify the behavior of both anions in these rivers. The mean values of chloride and bromide ions and the concentration ratios of Br/Cl from January, 1991, to December, 1992 (n=7) are listed in Table 3 . The concentration of chloride ion and the relative standard deviation (RSD) ranged from about 5 to 15 mg/l and from 11.3 to 37.3%, except for the sampling points of 13, 14, 25, 43 and 45. The concentration of chloride ion in Uji River coming from Lake Biwa was almost the same as that in the south of Lake Biwa.26 However, the concentration of bromide ion and the RSD ranged from about 15 -50 µg/l and from 6.5 to 28.9%, except for the sampling points stated above. It seems that the higher concentrations of both ions at sampling points of 13, 14, 25 and 43 may mainly have originated from wastewater, because these sampling points were located downstream of sewage-disposal plants. Chloride compounds, such as sodium chloride and bromine, in foods, medicines, dyes or films may be a cause of anthropogenic contamination. While, the higher concentration of both ions at sampling-point 45 may be associated with seawater, because this point was Relationship between Br-THM formation and bromide ion in river water Table 4 shows the mean values of the THM formation potential on the chlorination of river-water samples. Water samples taken from these rivers showed total THM levels ranging from 50 to 90 µg/ 1. The higher values of TTHM formed at stations 13, 14, 25 and 43 may have been due to anthropogenic contamination flowing into the rivers. Over 90% of the TTHM formed was Br-THM at station 45, where the river water had mixed with seawater. It is considered that the formation of BrTHMs may be caused by the bromide ion in river water. Figure 6 shows the relationship between the Br-THM/ TTHM ratio and the bromide ion concentration in river water. The full line in Fig. 6 shows the experimental results of THM formation with the addition of bromide ion to stream water (Br =15 ng/1) at 25° C for 24 h. With an increase of bromide ion, the formation of chloroform was reduced, and the formation of BrTHMs, such as CHBrC12, CHBr2Cl and CHBr3 commenced sequentially. As a result, the Br-THM/TTHM Fig. 6 Relationship between the Br-TTHM/TTHM ratios and the concentration of bromide ion in river water: Q, Katsura River; ~, Uji River; A, Yodo River. Table 4 The mean values of trihalomethane (THM) formation potential on chlorination of river water samples collected from Jan. 1991 to Dec. 1992 (µg/1) ratio is above 0.95 at a bromide-ion concentration above 2 mg/l. Bromoform increased along with an increase of bromide ion; thus, almost all THMs were bromoform at a bromide-ion concentration higher than 10 mg/ 1. The Br-THM/TTHM ratios in four real rivers are in good agreement with the experimental values of THM formation. Moreover, the increase in TTHM is up to about three-times higher than that in the absence of bromide ion. These results suggest that not only Br-THM formation, but also total THM formation, would increase if the bromide ion in lake or river water used as the sources of drinking water would increase due to anthropogenic pollution.
